To investigate the relationship between the size and structure of TiO 2 nanoparticles, three size-selected samples of TiO 2 nanoparticles were prepared via a hydrolysis method that uses Ti[OCH(CH 3 ) 2 ] 4 as the starting material. The structures of the nanoparticles were characterized using powder X-ray diffraction (XRD), transmission electron microscopy (TEM), and X-ray absorption spectroscopy (XAS). Analysis of the XRD patterns and of the TEM images showed that the samples were dispersed, with an average particle size of ϳ30 nm (sample A), ϳ12 nm (sample B), and ϳ7 nm (sample C). Their X-ray absorption spectra indicate that samples A and B have an anatase structure, whereas sample C has a structure very similar to that of the TiO 2 II phase, which generally arises only under high-pressure conditions. This difference can be attributed to size-induced radial pressure within the smaller nanoparticles, which plays an important role in the phase of TiO 2 nanoparticles in sample C.
INTRODUCTION
Nanometer-sized materials have recently received considerable attention because of their unique chemical and physical properties, which differ greatly from those of bulk materials. These differences are frequently attributed to the effects of quantum confinement or of the particles' finite size. [1] [2] [3] Although many types of nanoparticles have been shown to exhibit size-dependent physical properties, 1,2 many questions concerning the structural properties of nanoparticles remain unanswered. In particular, the factors determining the critical size at which the properties of a material deviate from those of the bulk material are not well understood.
Titanium oxide (TiO 2 ) is a very interesting material, both from a scientific standpoint and on account of its technological applications in pigments, catalyst supports, fillers, photoconductors, dielectric materials, and so on. [4] [5] [6] Many of these applications are based on the electronic properties of TiO 2 , which are strongly related to its structure. At ambient pressure TiO 2 is known to exist in three polymorphs: rutile (tetragonal, space group P4 2 / mnm), anatase (tetragonal, I4 1 /amd), and brookite (orthorhombic, Pbca). In addition, TiO 2 is also known to take on an ␣-PbO 2 -type structure (often called TiO 2 II, orthorhombic, Pbcn) when an appropriate starting material is subjected to high pressures (0.8 to 10.0 GPa). 6 At pres-sures above 20 GPa, the baddelite structure TiO 2 III or TiO 2 B is formed. 5, 6 The synthesis of TiO 2 nanoparticles has been extensively studied in recent years with the aim of developing materials with improved TiO 2 activity. In nanometersized materials, a large fraction of the atoms is in the surface region, so the surface energy makes a higher contribution to the total energy of the system than it does in bulk materials. 7, 8 Tolbert and Alivisatos have suggested that because the surface tension may exert a radial pressure on the nanocrystal, and surface tension increases with decreasing particle size, the effect of radial pressure will increase with decreasing particle size. 8 For example, rutile structure is more stable thermodynamically than anatase one at standard pressure (1 bar) and room temperature. Nevertheless, anatase structure is the main species found in nanocrystalline TiO 2 materials. 9,10 Based on calculations of the surface energy of TiO 2 nanoparticles, Zhang and Banfield have recently predicted a reversal of the relative stabilities of the rutile and anatase phases at a particle size of approximately 14 nm. 11 Phase stability reversals have also been observed in some other oxides, such as ZrO 2 and Al 2 O 3 . 12, 13 However, the variation with particle size of the phase stability of metal oxide nanoparticles is not yet well understood. For TiO 2 nanoparticles, size-induced radial pressure may have an effect similar to that of hydrostatic pressure on single crystals, and hence may play a dominant role in determining phase stability. Improved understanding of the phase stability of TiO 2 nanoparticles would enable control of the processes of nucleation and grain growth and thus is fundamental to the tailoring of particle properties to suit particular applications.
The objective of the present study is to investigate the relationship between the size and structure of TiO 2 nanoparticles. To achieve this objective, three samples of sizeselected TiO 2 nanoparticles were prepared and each of these samples was investigated using powder X-ray diffraction (XRD), transmission electron microscopy (TEM), and X-ray absorption spectroscopy (XAS). The XAS spectra revealed that samples A and B have an anatase structure, whereas sample C has a structure very similar to that of the TiO 2 II phase. These results suggest that the TiO 2 II structure may become more favorable than the anatase structure when the particle size decreases from 12 to 7 nm.
EXPERIMENTAL
TiO 2 nanoparticles were prepared using a modification of a previously reported hydrolysis method. 14 isopropoxide (Ti[OCH(CH 3 ) 2 ] 4 , Aldrich, 99.999%) was used as the starting material without further purification. Ten mL of Ti[OCH(CH 3 ) 2 ] 4 was added to 200 mL of 2propanol at room temperature with stirring for 1 h and then 800 mL of deionized water was added to the solution. Sample A was obtained only by standing the resulting solution without stirring and the precipitated particles were separated from the solution by filtration and repeatedly washed with deionized water, whereas samples B and C were obtained by adjusting the stirring rate of the resulting solutions to 200 and 2000 rpm, respectively, and the precipitated particles were dried with a freezedrier. Finally, the preparation of three size-selected samples of the TiO 2 nanoparticles was then completed by heating the precipitated particles in each sample at 450 ЊC for 1 h.
Powder XRD patterns were measured using the 8C1 beam line at the Pohang Light Source (PLS) with monochromatic radiation ( ϭ 1.5406 Å ). Data were collected at room temperature in the range of 4 to 60 ЊC at increments of 0.05 ЊC. TEM images were obtained using a Phillips CM20T/STEM Electron Microscope at an accelerating voltage of 200 kV.
Ti K-edge X-ray absorption spectra were recorded using the 7C beam line at the PLS with a ring current of 120ϳ170 mA at 2.5 GeV. A Si(111) monochromator crystal was used with detuning to 85% in intensity to eliminate high-order harmonics. Data were collected in transmission mode using gas-filled ionization chambers as detectors. Energy calibration was carried out for all measurements by using Ti foil placed in front of the third ion chamber and assigning the first inflection point to 4966 eV.
The Ti L II,III -edge and the O K-edge near edge X-ray absorption fine structure (NEXAFS) measurements of the TiO 2 nanoparticles were performed using the 8A1 (undulator U7) beam line at the PLS. The U7 beam line, which consists of an undulator (length 4.3 m, period 7 cm) and a variable-included-angle plane-grating monochromator, provides highly brilliant and monochromatic linear-polarized soft X-rays suitable for high-resolution spectroscopy. Details of the design of the monochromator and of the spectral resolution of the beam line are given elsewhere. 15, 16 The Ti L II,III -edge and the O K-edge NEX-AFS data were taken in a total electron yield mode, recording the sample current. All spectra were normalized using a reference signal from an Au mesh with 90% transmission. Figure 1 shows the powder XRD pattern of the asprepared samples obtained after heating at 450 ЊC. The XRD patterns of samples A and B are in good agreement with that of anatase TiO 2 . 9 As shown in Fig. 1 , the XRD peaks of sample B are broader than those of sample A, and there are no XRD peaks for sample C. These differences can be attributed to the differences in particle size between the samples. In order to quantify the particle size effects, we can estimate the mean grain size (D) of these samples by applying the Scherrer equation to the strongest (101) plane diffraction peak (2 ϭ 25.4Њ): 17, 18 
RESULTS AND DISCUSSION
where is the X-ray wavelength, ␤ is the pure full width of the diffraction line at half the maximum intensity, and is the Bragg angle. The mean grain sizes of samples A and B are 32 and 13 nm, respectively. Figure 2 shows the TEM images of the samples obtained after heating at 450 ЊC. It is obvious from these images that these samples of TiO 2 particles are disperse, with an average particle size of ϳ30 nm for sample A, ϳ12 nm for sample B, and ϳ7 nm for sample C. The particle sizes of samples A and B determined from the TEM images are in good agreement with the values determined from the XRD analysis. XRD and TEM results show that the size-selected TiO 2 nanoparticles were prepared from the Ti[OCH(CH 3 ) 2 ] 4 precursor, and that both samples A and B have an anatase structure. To further elucidate the structural and electronic properties of the samples, particularly of sample C, XAS data were collected for three size-selected samples of TiO 2 nanoparticles.
Since the absorption spectrum in the X-ray absorption near edge structure (XANES) region has characteristic peaks related to the site symmetry, coordination, and oxidation states of titanium ions, XANES has been widely used to characterize various forms of TiO 2 . 19,20 A Ti Kedge XANES spectrum can usually be divided into two regions. Above approximately 4980 eV, the peaks are due to the well-understood dipole-allowed 1s → np (n Ն 4) transitions, while below 4980 eV are the so-called preedge peaks. In previous XAS studies, 20, 22, 23 four pre-edge peaks, usually labeled A 1 , A 2 , A 3 , and B, have been observed between 4960 and 4980 eV. The feature labeled A 2 is sometimes observed as a weak shoulder on the low energy side of peak A 3 and its detection requires good energy resolution. The pre-edge peaks arise from transitions of electrons to bound excited electronic states, but this electronic excitation is strongly modulated by the surrounding atoms from short to medium range (Ͻ100 absorbing atoms). 23 This means that the pre-edge region in the Ti K-edge XANES spectrum contains potentially useful structural and electronic information and is thus frequently used to elucidate the structures of TiO 2 samples. Figure 3 shows the Ti K-edge XANES spectra of the three samples of TiO 2 nanoparticles, as well as the spectrum of the reference material (anatase TiO 2 , Aldrich, 99%, 325 mesh). By using band structure calculations, 24, 25 peaks A 3 and B in the Ti K-edge XANES spectra have been assigned to the transition of the 1s electrons to the t 2g and e g bands due to the orbital mixing of Ti 3d and 4p orbitals on different sites on the conduction band regions. 22, 23 However, unanimous agreement as to the assignments of the A l and A 2 transitions has not been obtained. Parlebas et al. suggested that peak A 1 should be attributed to the quadrupole transition on the basis of its angular dependence. 21 On the other hand, Wu et al. concluded from multiple scattering calculations that peaks A 1 , A 2 , and A 3 arise dominantly from the hybridization of Ti 3d-4p orbitals, and reflect a different degree of hybridization with the central Ti 4p orbitals due to the different distance of the two Ti shells. 22 In Fig. 3 , there is no noticeable difference between the main spectral features of the sample with an average particle size of 30 nm and that with an average particle size of 12 nm, and these features are very similar to those of the spectrum of the reference material (anatase TiO 2 , Aldrich, 99%, 325 mesh). This indicates that samples A and B have an anatase structure, and that there is no change in the oxidation state of the titanium ions with decreasing particle size. However, the intensity of peak A 2 is significantly different in the XANES spectrum of sample C with an average particle size of 7 nm. This modulation can be attributed to the different structure of smaller TiO 2 nanoparticles. Recently, Alivisatos et al. measured the size dependence of the hysteresis loop for the solid-solid transition in CdSe nanocrystals. 26 They reported that metastable rocksalt CdSe nanocrystals persist at ambient pressure for an 11 nm sample. Luca et al. observed that the intensity ratio of the A 2 and A 3 transitions in TiO 2 nanoparticles increases as particle diameter decreases. 23 They also suggested that peak A 2 may arise predominantly from the surface structure of the anatase particles and/or from the Ti species associated with the surface. In order to better understand the different structures of TiO 2 nanoparticles of different sizes, Ti L II,III -edge and the O K-edge NEXAFS data were collected. Figure 4 shows the Ti L II,III -edge NEXAFS spectra of the three samples. The features of the Ti L II,III -edge spectrum can be explained by the multiplet effect, which is caused by the large Coulombic and exchange interactions of the 2p-3d and 3d-3d orbitals, and thus is directly related to the local symmetry and electron configuration of the ground state. [27] [28] [29] [30] [31] The main near-edge structure of the Ti L II,III -edge spectrum is a 2p 6 → 2p 5 c3d 1 dipole transition, where c is the 2p core hole. The 2p spin-orbit coupling splits the initial state into 2p 3/2 and 2p 1/2 , resulting in two L-edge features, denoted L III and L II , respectively. Both the L III and L II features further split into L III -t 2g , L IIIe g , L II -t 2g , and L II -e g features because of the low symmetry of the ligand field. The L III -e g feature splits into a doublet feature (peaks D and E) centered on 461 eV in NEXAFS spectra, which reflects the splitting of the e g orbitals. This splitting may be due to the slight distortion of the TiO 6 8octahedron in rutile and anatase structures that results from the configurational deformation predicted by the Jahn-Teller theorem. 19, 29 The different polymorphs of TiO 2 can be distinguished by the relative intensities of the doublet features (peaks D and E). [27] [28] [29] [30] [31] In anatase structure, the intensity of peak D is substantially stronger than that of peak E, while in the rutile structure the opposite is the case. The spectral features of samples A and B are in good agreement with the previously reported NEXAFS spectrum of anatase TiO 2 . [27] [28] [29] [30] [31] However, the spectral features of sample C are very similar to those of the TiO 2 II phase reported by Ruus et al. 28 These results indicate that TiO 2 II may be a more stable phase than the anatase phase for particles approximately 7 nm in size. The observation that under ambient pressure the nanoparticles in sample C have a TiO 2 II structure, which for bulk systems is only observed at high pressure, can be explained by the Gibbs-Thomson effect. 32, 33 The surface curvature of the nanometer-sized particles results in a size-induced radial pressure component ⌬p acting on the interior of spherical particles of diameter D, which is related to the surface energy ␥ as follows:
The Gibbs-Thomson pressure in TiO 2 nanoparticles with an average particle diameter of 7 nm can be estimated as follows. Since the surface energy of a TiO 2 nanoparticle is not known, a value of 1.5 Jm -2 (typical of ceramics) is assumed. Thus, for a particle of diameter 7 nm with a surface energy of 1.5 Jm -2 , Eq. 2 predicts a pressure in-crease of ⌬p ഠ 10 9 Pa. This pressure is of the same order of magnitude as the pressure that induces a transformation to the TiO 2 II phase in bulk TiO 2 . 6 This interpretation is in good agreement with a previously reported Raman study. 34 The effect of pressure on the Raman spectrum of anatase TiO 2 was studied by Ohsaka et al. At room temperature a phase transition was detected at 25.6 kbar. Although the two phases (anatase and TiO 2 II) coexist even at high pressures, the general features of the spectrum of the high-pressure phases agree with the spectra of the TiO 2 II phase. In the present study, therefore, the differences found between the Ti L II,III -edge NEXAFS spectra of TiO 2 nanoparticles that are 12 nm in diameter and those 7 nm in diameter can be attributed to the sizeinduced radial pressure and its effect on the TiO 2 structure within the nanoparticles. Figure 5 shows the O K-edge NEXAFS spectra of the three samples. The O K-edge NEXAFS spectra correspond to transitions from the oxygen 1s core level into empty or partially filled O 2p states. The prominent doublets centered at 530.5 and 533.9 eV can be assigned respectively to transitions into the t 2g and e g bands of Ti. 25, 26 The features above 536 eV are due to the covalent mixing of O 2p and Ti 4sp orbitals and are sensitive to the long-range order. 27, 28, 31 The different polymorphs of TiO 2 are known to exhibit slightly different spectral features in this region. Anatase TiO 2 shows absorption peaks at 539.3 and 544.8 eV, whereas rutile TiO 2 exhibits a peak at 540.3 eV and a broad feature centered at 544.5 eV. 31 The differences in their absorption spectra in this region are due to their different crystal structures. The spectral features of samples A and B are in good agreement with the previously reported NEXAFS spectrum of anatase TiO 2 . 19,28-31 For smaller particle sizes (sample C), the spectrum shows less intense peaks between 537 and 555 eV and more closely resembles the spectrum of the TiO 2 II phase. 28 Thus, the Ti L II,III -edge and O K-edge NEX-AFS spectra suggest that the TiO 2 II phase is the preferred structure for particles approximately 7 nm in size. We therefore conclude that the TiO 2 II structure is more favorable than the anatase structure for TiO 2 particles approximately 7 nm in size. Size-induced radial pressure within nanoparticles can explain the reversal of the relative stabilities of the anatase and TiO 2 II phases.
CONCLUSION
Understanding the phase stability of TiO 2 nanoparticles is very important because the TiO 2 phase (i.e., anatase or rutile) is a critical factor among those determining the properties of TiO 2 -based materials. In this study, we have demonstrated a relationship between the size and structure of TiO 2 nanoparticles using XRD, TEM, XANES, and NEXAFS. The XRD patterns and TEM images showed that the prepared samples of TiO 2 nanoparticles were disperse with an average particle size of ϳ30 nm (sample A), ϳ12 nm (sample B), and ϳ7 nm (sample C). The XAS spectra revealed that samples A and B have an anatase structure, while sample C has a structure very similar to that of the TiO 2 II form. This difference can be attributed to the size-induced radial pressure within nanoparticles, which thus plays a dominant role in determining the stable phase.
